The second part of this work deals with the experimental validation of this model.
Synopsis
A new model for the overall transformation kinetics of bainite has been developed. Based on the displacive mechanism for the bainite transformation, the model distinguishes between the nucleation kinetics of bainitic ferrite in prior austenite grain boundaries, and at tips and adjacent positions of previously formed subunits. Some geometrical aspects of the development of the transformation have been used in the modelling. The theoretical results show that the tendencies obtained with the model are in agreement with experience.
1.-Introduction
Nowadays bainitic transformation is subjected to a wide exploitation and study with the aim of improving the mechanical properties of steels. Some of the more successful applications of bainite can be found in the development of TRIP steels for automotive [1] [2] [3] and rail 4, 5) industry. In all cases, the control of the microstructure formed under different thermo-mechanical treatments is fundamental for the achievement of an optimum combination of mechanical properties. In this sense, the nature of the mechanism that governs bainitic transformation is one of the more intensely discussed areas in steels.
Nowadays, there are two confronted theories for the kinetic of bainite transformation, based on reconstructive and displacive mechanisms, respectively. The former theory considers 6, 7) that bainite is a nonlamellar two-phase aggregate of ferrite and carbides in which the phases form consecutively, as opposed to pearlite where they form cooperatively. According to this definition, the upper limiting temperature of the bainite formation should be that of the eutectoid reaction (Ae 1 ), so the bainite start temperature, B S , has no fundamental significance. Thus, the bainitic 'bay' is the highest temperature in the range where the 'coupled solute drag effect' slows down ferrite growth sufficiently so that growth can be increasingly supplemented by sympathetic nucleation, in agreement with the increasingly refined microstructure at 'sub-bay' temperatures 8, 9) . The surface relief introduced during bainite growth is not clearly of an invariant-plane strain (IPS) type for these authors, and some claim that the relieves observed are tent-shaped 10, 11) . In any case, models for the development of IPS and tent-shaped surface relieves have been published for difusional phase transformations, trying to explain the surface relieves observed in bainite from a reconstructive point of view 12) .
However, according to the displacive theory [13] [14] [15] , the formation of bainite causes a deformation which is an IPS with a larger shear and a dilatational strain normal to the habit plane. This surface relief is considered as an evidence of a displacive mechanism of transformation. Bainite nucleation occurs by the spontaneous dissociation of specific dislocation defects which are already present in the parent phase, with the activation energy proportional to the driving force, as opposed to the inverse square relationship predicted by classical theory 16) . On the other hand, the lower C-curve in the temperature-time-transformation diagram is believed to have a characteristic flat top at a temperature , which is the highest temperature at which ferrite can form by a displacive mechanism. The critical value of the maximum free energy available for paraequilibrium nucleation, h T m G ∆ , at the corresponding temperature versus the value of is a straight line. This linearity led to a function, , named 'universal nucleation function' which establishes a criterion for the nucleation of bainite. The form of is given by:
where the units of . The subunit growth is considered diffusionless and stifled by the strength of the residual austenite 17, 18) . Therefore, the nucleus can only evolve into bainite plate if there is sufficient driving force available for diffusionless growth, after accounting for the store energy due to the shape deformation estimated to be 13, 17) 400 J·mol -1 . The verification of both conditions, for nucleation and growth, will determine the value of the bainite start temperature (B S ). Soon after the growth of the subunit, the excess of carbon is partitioned into the surrounding austenite.
Therefore cementite may precipitate within the carbon enriched austenite, but if steel is alloyed with enough silicon and/or aluminium, precipitation can be halted. 19) . The process continues by successive nucleation of subunits until the carbon concentration of the residual austenite reaches the value at which the free energy of bainite becomes less than that of austenite of the same composition, i.e. the curve 0 T 20-22) (or , if the stored energy of bainite is taken into account). This trend is known as 'incomplete reaction phenomenon' because the transformation ends before the carbon concentration of austenite reaches the equilibrium value ' 0 T 23) . If no other reaction interacts with the process of nucleation and growth of bainite, the incomplete reaction phenomenon leads to a method for the estimation of the maximum volume fraction of bainitic ferrite, , that can be formed at a given temperature. At the end of the bainitic transformation, the verification of the carbon and volume fraction balance leads to:
where x is the nominal carbon content of the material, the carbon content of the residual austenite given by the curve and the carbon content of the bainitic ferrite given by the paraequilibrium value. These assumptions have led to several kinetics models
bainite transformation in steels that have been widely applied in research and industry as, for example, in the design of high strength bainitic steels 30, 31) . Most of these models [24] [25] [26] [27] [28] use the Johnson, Mehl, Avrami and Kolmogorov formulation (JMAK) 32) to estimate the volume fraction of bainitic ferrite, , formed in a time interval as follows:
where and are the changes of the volume fraction of bainitic ferrite in in the extended and real volume, respectively. In these models, the time required for a bainitic ferrite sub-unit to nucleate is considered to be much greater than that for its growth, so bainite transformation is mainly controlled by the successive nucleation of subunits.
In the aforementioned models, transformation was considered to start with the nucleation of subunits at austenite grain boundaries, whereas the successive formation of subunits adjacent to the previously formed bainitic ferrite plates was taken into account through an empirical parameter named autocatalysis factor, β, having different meaning and values depending on the model. Starting with the model of Bhadeshia 24) , the autocatalysis factor β indicates the increase in the number of nucleation events as transformation proceeds, in a similar way as it was used in martensite to explain the burst of transformation.
Rees and Bhadeshia 25) tried to diminish arbitrariness to the autocatalysis factor and considered β as a decreasing linear function of the carbon content of the material, although the numerical results obtained were not in accordance with this assumption. In his model, Singh 27) corrected this contradiction and added simplicity to the definition of β, considering its value as an indication of the number of subunits that nucleate in a previously formed subunit, obtaining values of the order of unity. However, a clear overestimation in the contribution to the initial nucleation due only to the nucleation on subunits was found in Singh 27) model. This overestimation was solved by Opdenacker 28) applying some modifications, that were not completely justified, to the model of Singh 27) . Moreover, Matsuda and Because of the lack of an unequivocal determination of β in the models cited above, the autocatalysis factor does not seem an adequate way of considering the successive nucleation of subunits on preexisting ones. In this work, a novel model for the kinetics of the bainite transformation is proposed. The model is based in the principles of a displacive mechanism for the bainite transformation.
With the aim of eliminating the autocatalysis factor, a geometrical conception of the transformation is considered. A formulation based in simultaneous transformations is used to distinguish between kinetics of bainite nucleation at austenite grain boundaries and on previously formed subunits. The second part of this work will deal with the model experimental validation.
2.-The Model
Based on our own experimental observations, as well as those found and revised in the literature (see for example ref 34) ), the authors assumed the displacive theory for bainite transformation in the development of the kinetic model presented in this work. In order to eliminate the arbitrary autocatalysis factor, the kinetics of bainitic ferrite nucleation, both at grain boundaries and on already existing subunits, has been considered separately.
However, nucleation on subunits can take place only if there were previous nucleation events at austenite grain surfaces and, in this sense, the evolution of both 'transformation products' is coupled. The extended volume concept of Johnson, Mehl, Avrami and Kolmogorov applied to the case of two transformation products that form simultaneously and couple [35] [36] [37] has been used during modelling.
Let
and be the volume fraction of bainitic ferrite formed by nucleation at austenite grain boundaries and on subunits, respectively, after a time t. The maximum volume fraction of bainitic ferrite that can be formed at a given temperature, , is given by the incomplete reaction phenomenon according to eq. (2). Therefore, the change in the real volume fractions of both transformation products, and
, in an interval dt are given by the change in the extended volume of both transformation products during the same : dt
where the total volume fraction of bainitic ferrite formed is given by:
Using normalised volume fractions defined as:
and substituting in eqs. (4) and (5):
These equations constitute a system of two coupled differential equations.
In the following, it is assumed that the transformation rate in a prior austenite grain provides the overall kinetics of bainite transformation in the material as a whole, so a volume defined by a prior austenite grain is considered. The sheaf of bainite (aggregation of ferrite plates sharing common crystallographic orientations) is considered plate shaped during transformation, following the scheme showed in Figure   1 (a). The base of the sheaf in contact with the austenite grain surface is given by the volume fraction of bainitic ferrite nucleated at austenite grain boundaries. Assuming a plate shape for the subunits of bainitic ferrite, which is a reasonable assumption in medium carbon steels 38) , only the subunits sides in contact with residual austenite are places susceptible of leading to a nucleation of a subunit event. A scheme of a bainitic ferrite subunit is shown in the Figure 1(b) . The considered aspect ratio of the plates is the usual 0.2/10/10 microns relationship 39) The plate thickness as a function of temperature is determined accordingly to 40) :
where T is in Kelvin. The activation energy for nucleation of subunits, , independently of the site of nucleation, is considered proportional to the maximum energy for nucleation * G m G ∆ in accordance with a mechanism of nucleation by dissociation of dislocations:
This dependence is established as:
where and are two empirical constants. The application of thermodynamical models found in the literature 
is the volume fraction of bainitic ferrite formed and its carbon content which is given by the paraequilibrium value. .
Nucleation at Austenite Grain Boundaries
Eq. (9) 
where is the length of a subunit of bainitic ferrite (see Figure 1(b) ) and is the volume of an austenite grain. The lateral surface of a l u γ V bainitic ferrite plate in contact with the austenite boundary, , is
given by:
where and are the width and thickness of a subunit. The number of subunits nucleated at austenite grain boundaries in is given by , where is the nucleation rate per surface of austenite grain and the lateral surface of an austenite grain. Therefore, it is possible to calculate the lateral surface of an austenite grain occupied by bainite in a as:
It is important to point out that this calculation does not take into account that the available surface for bainite nucleation decreases with the progress of the nucleation at austenite grain boundaries, neither that this nucleation is limited to an austenite grain. This is the reason 
The value of is an estimation of the maximum surface of austenite grain that can be occupied by bainite. The main limitation of this surface is the value of the austenite grain surface, .
However, the maximum volume fraction of bainitic ferrite that can be formed at every temperature, , is limited according to the incomplete reaction phenomenon and can be determined for a given chemical composition and transformation temperature. The maximum volume fraction of bainitic ferrite that can be formed in an austenite grain, , is calculated as:
Assuming that this amount of bainitic ferrite is nucleated at austenite grain boundaries:
From eqs. (20) and (21) a new limitation for is found:
A reasonable estimation of can be obtained from the most restrictive of the conditions given by eqs. (19) and (22) .
Finally, substituting eqs. (15) and (17) in eq. (9):
and
the differential equation changes to:
Time evolution of bainite nucleated at austenite grain boundaries is given by eqs. (18) and (26).
On the other hand, the general form of , defined as the nucleation rate per unit of surface of austenite grain, is:
where ν is a frequency, grain and taking into account that the maximum surface available for transformation is yields:
An estimation of could be obtained dividing the available surface for transformation between the width of a subunit in contact with the austenite grain surface that fit in the available surface and between the surface of the whole austenite grain. Including an empirical constant, :
Eq. (29) is consistent with the fact that when reaches its maximum value given by , then reaches the zero.
Nucleation on Previously Formed Subunits
The term in eq. (10) can be calculated as the number of bainitic ferrite subunits nucleated on previously formed subunits inside 10):
which is the third differential equation to solve along with eqs. (18) and (26) to obtain the temporal evolution of the volume fraction of bainitic ferrite.
The general form of is:
As in the case of nucleation at austenite grain boundaries, ν is a frequency, is the activation energy for nucleation of subunits and is the number of nuclei per volume unit for nucleation on subunit in a certain time of transformation. Since the subunits nucleated on bainite are assumed to be accumulated at the tip or lateral plates of the previously formed subunits, the number of nucleation sites on subunit is considered proportional to the number of sides of subunits in contact with the residual austenite. All the subunits of bainitic ferrite nucleated at austenite grain boundaries are assumed to be piled in the base of only one sheaf plate shaped occupying a surface given by . Assuming a square shaped base:
then, at any time it is verified that:
The dimensions of the sheaf should verify that the volume of bainitic ferrite formed in an austenite grain after a time t,
, is equal to the surface of austenite grain occupied by bainite, , multiplied by the height of the sheaf:
From this relationship, the time evolution of the sheaf height can be obtained. The volume of the sheaf of bainite can be determined from the normalised volume fraction of bainitic ferrite, the maximum volume fraction of bainitic ferrite that can be formed at a temperature according to the incomplete reaction phenomenon and the volume of an austenite grain as follows:
Thus, the three dimensions of the considered sheaf at any instant of time can be determined from eqs. (34)- (36) . The number of sides of subunits in contact with the residual austenite at any time of transformation, , can be estimated from the geometrical considerations explained above and the dimensions of the sheaf.
Therefore, the number of subunits per volume unit of austenite, including an empirical constant, , is given by:
3.-Analysis of the Predictions of the Model
The presented model has been programmed using FORTRAN90 code.
The chemical composition of the steel, the austenite grain size and the temperature of the isothermal treatment are the inputs of the program.
Calculation of the and curves, along with the successive calculation of are limited to the interval of chemical compositions showed in Table 1 0 58) . The system of differential equations is solved by the Runge-Kutta method of fourth order. Table   2 shows the values of the used parameters in the execution of the programme.
The behaviour of the model has been tested by means of the prediction of the experimentally well-known effect that carbon, manganese and cobalt have in the bainite transformation. Manganese is known for its ability to slow down the bainite transformation and to decrease the maximum carbon content of the austenite at the end of the transformation 30, 31) . On the other hand, recent investigations have shown that cobalt exerts the opposite effect 59) . Table 3 shows the chemical compositions used for this theoretical analysis along with the values of the bainite and martensite start temperatures (B S and M S , respectively) calculated following the thermodynamical model of Bhadeshia 45, 58) . A prior austenite grain size of 40 µm has been assumed for the kinetics calculations.
The effect of carbon on the kinetics of bainite formation at 500ºC is shown in Figure 2 . The nominal carbon content of the material determines the value of at the beginning of the transformation, as can be observed from Figure 2(a) . However, at the end of the transformation, the value of reaches the same value in the three alloys. This is in accordance with the incomplete reaction phenomenon because, following this theory, the original carbon content of the material does not affect the curve of an alloy. As a consequence, the chemical composition of the residual austenite of the three alloys is the same at the end of the bainitic transformation. This is the reason why the value of , which depends on the chemical composition of the material, tends to the same value in the three alloys (Figure 2(b) ).
A lower value of is obtained in the alloy with lower carbon content, which is the alloy Fe-0.2C and, therefore, the kinetics of the bainitic transformation during the initial instants of transformation is more rapid in this alloy. However, the alloy Fe-0.5C possesses the highest nominal carbon content of the considered alloys, i.e., a value which is the nearest to the final carbon content given by . Therefore, the austenite carbon content of the alloy Fe-0.5C reaches its final value in a shorter time than the other alloys, which confers certain kinetic advantage in the progress of the transformation to this alloy. These differences have not affected the time spent to reach the end of the bainitic transformation, which is approximately the same in all the cases (Figure 2(c) ). Finally, as was expected, the maximum volume
x fraction of bainitic ferrite that can be achieved in each alloy increases as the alloy carbon content decreases, in accordance with the incomplete reaction phenomenon (Figure 2(d) ).
The predictions corresponding to an isothermal transformation at 450ºC for the alloys Fe-0.3C, Fe-0.3C-1Mn and Fe-0.3C-2Mn are presented in Figure 3 . Figure 3(b) shows that as the manganese content is lowered, the smaller are the obtained initial and final m G ∆ values, which lead to a faster transformation kinetics (Figure 3(d) ). The values of obtained at the end of the transformation (Figure 3 .
4.-Conclusion
A model for the kinetics of the bainite transformation has been proposed. The model is based on the principles of a displacive mechanism for the bainite transformation. A geometrical conception of the transformation has led to the elimination of the autocatalysis factor. The separation between the kinetics of nucleation both at austenite grain boundaries and on previously formed subunits has been carried out by a coupled equations formulation. The theoretical study of the results shows that the tendencies obtained with the model are in good agreement with experience. Table 1 Interval of limitation of the chemical compositions in the calculation of and the and curves in the program. Table 2 Numerical values of the empirical constants of the model. Table 3 Chemical composition and predictions of B S and M S of the theoretical alloys chose for studying the tendencies of the model. 
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